OBJECTIVES: Remodelling with extra-aortic ring annuloplasty has emerged as an alternative approach to root reimplantation. However, no studies have yet compared outcomes between procedures. The aim of this study was to compare mid-term outcomes in patients undergoing reimplantation versus remodelling with extra-aortic annuloplasty.
INTRODUCTION
The ideal valve-sparing root replacement (VSRR) aims at treating annular and sinus dilatation, stabilize the basal annulus, correct any cusp lesion (mainly prolapse) and restore aortic root dynamics. The remodelling technique, originally proposed by Sarsam and Yacoub [1] , best restores aortic root dynamics by creating neo-sinuses of Valsalva. However, the lack of aortoventricular junction stabilization can lead to recurrence of aortic insufficiency (AI) and the need for reoperation. In contrast, the reimplantation technique proposed by David and Feindel [2] addressed the latter issue, at the detriment of the sinuses of Valsalva.
In recent years, Lansac et al. [3, 4] proposed a modification to the remodelling technique by adding an extra-aortic ring annuloplasty using a dedicated expansible ring (ExAo, Coroné o Inc., Montreal, Quebec, Canada) to address the main limitation of this technique: lack of aortoventricular junction stabilization. This surgical approach is conceptually appealing because it potentially combines 'the best of both worlds': optimal root geometry and cusp dynamics with aortoventricular stabilization. However, there is a need for further validation of outcomes using this approach [4, 5] and, importantly, for comparative studies between the remodelling with annuloplasty technique and the reimplantation technique. †Presented at the 31st Annual Meeting of the European Association for CardioThoracic Surgery, Vienna, Austria, 7-10 October 2017.
At our centre, the remodelling with annuloplasty technique was introduced by R. Cartier in 2001 using a Dacron ring. In 2011, the ExAo ring (Coroné o Inc.) was introduced for the extraaortic annuloplasty. In parallel, the reimplantation technique has been systematically performed by one of our aortic surgeons since 2005. In total, 142 consecutive patients underwent VSRR using either technique at the Montreal Heart Institute in contemporary fashion. The aim of this study was to compare mid-term outcomes between the 2 operations with a focus on aortic valve (AV) function, reoperation and annular dimensions.
METHODS

Study population
The study was approved by the institutional review board, and a waiver of individual patient consent was obtained. This is a retrospective analysis of prospectively collected data between January 2001 and May 2017. All consecutive patients aged between 18 and 70 years undergoing VSRR were screened for eligibility (n = 161 patients). Patients were excluded if they underwent remodelling without an extra-aortic ring annuloplasty (n = 19) or with a Duran ring (n = 10). Therefore, the final cohort consisted of 142 consecutive patients undergoing a remodelling with the extra-aortic annuloplasty technique (n = 83, 48 ± 13 years) or a reimplantation technique (n = 59, 48 ± 12 years) (Fig. 1) . The clinical profiles of all patients are listed in Table 1 . No differences in the rates of connective tissue disease were observed in both groups (24% in the remodelling with annuloplasty group vs 29% in the reimplantation group; P = 0.9). Similarly, there were no differences in the incidence of preoperative AI > _3 (37% in the remodelling with annuloplasty group vs 23% in the reimplantation group; P = 0.24). However, there were significantly more patients with bicuspid aortic valves (BAVs) in the remodelling group (n = 26/83, 31%) versus the reimplantation group (n = 5/59, 9%) (P < 0.01), and the mean preoperative aortic annulus diameter was significantly larger in the remodelling group (27.2 ± 3.6 mm vs 25.6 ± 2.4 mm; P = 0.01).
Surgical technique
Surgical details are provided in Table 2 . All operations were performed by one of the 4 surgeons (I.E.H., R.C., P.D. and N.P.) involved in the study. The choice of operative technique and decision to attempt a VSRR was made by the attending surgeon at the time of surgery based on experience, the degree of AI and the quality of the cusps. A dilated aortic annulus was not a contraindication for VSRR. In this study, 15% of patients had aortic annuli > _30 mm. Of the 59 patients undergoing a reimplantation procedure, 7 (11%) were performed using the 'David-V' approach [6] . The remaining 52 (89%) patients underwent a 'David-I' technique using a straight Dacron graft.
The technique for extra-aortic ring annuloplasty has previously been described [7] . Briefly, six 2-0 U-pledgeted Ethibond sutures (Ethicon Inc., Somerville, NJ, USA) were passed from inside out, along a horizontal plane, corresponding to the basal ring (2 mm below the nadir of the AV cusps). Extra-aortic annuloplasty was performed using a Dacron ring in 48 (58%) patients and an ExAo ring (Coroné o Inc.) in 35 (42%) patients. The target annular diameter was determined according to the patient's gender and body surface area, preoperative aortic annular diameter, the degree of AI and the geometric height of the leaflets, aiming for a normal aortic annular diameter measured using a Hegar dilator (20-25 mm) [4, 7] . The mean implanted ring size for extra-aortic annuloplasty was 28 ± 0.9 mm.
Aortic cusp repair
As listed in Table 2 , aortic cusp repair was performed in 49% (41/ 83) of patients in the remodelling with annuloplasty group versus 25% (15/59) in the reimplantation group (P < 0.01). Cusp repair was performed more frequently in patients with BAVs (14 of 31, 45%) versus those with tricuspid AVs (40 of 111, 36%), though this did not reach statistical significance (P = 0.4). The most common cusp repair techniques consisted of central plication and cusp decalcification (n = 56), whereas pericardial patch repair was only performed once (n = 1).
Echocardiographic evaluation
Transthoracic echocardiographic examinations were performed at baseline (preoperatively), before discharge and every 1-2 years after surgery. Aortic dimensions were assessed in the parasternal long-axis view 2D still-frame. AI severity was graded using standard echocardiographic criteria as defined by the European Figure 1 : Annual numbers of remodelling with annuloplasty (n = 83, blue) and reimplantation (n = 59, red) procedures during the study period. Boldface is for statistically significant data. AI: aortic insufficiency; CABG: coronary artery bypass grafting; SD: standard deviation.
Association of Echocardiography and the American Society of Echocardiography [8, 9] . A total of 573 echocardiogrpahic studies were analysed for this study.
Patient follow-up
Overall, the mean follow-up duration was 3.9 ± 3.5 years (3.6 ± 3.5 years following remodelling with annuloplasty and 4.1 ± 3.5 years following reimplantation). Clinical follow-up was 100% complete, whereas echocardiographic follow-up was 94% complete within 12 months of study closure. Long-term clinical outcomes were reported according to the Society of Thoracic Surgeons (STS) Guidelines on Reporting Valve-Related Complications [10] . Major adverse valve-related events were defined as valve-related deaths, stroke, thromboembolic events, endocarditis and the need for a permanent pacemaker.
Statistical analysis
Data are expressed as mean ± standard deviation or median [interquartile range] for continuous variables and frequency (%) for categorical variables. For continuous variables, comparisons between the groups were made using Student's t-tests or Wilcoxon tests, as appropriate. Fisher's exact tests were used for comparisons of categorical variables. Mixed-effects models were used to assess changes in echocardiographic measures over time and account for the correlation between repeated follow-up measurements (MIXED procedures in SAS software, version 9.4; SAS Institute, Cary, NC, USA). Piecewise linear random-effect models using time as a continuous measure and random effect for the patient were constructed with time knots at 0, 1, 3 and 5 years postoperatively. For patients with missing echocardiographic measurements at a given time point, the outcome data were considered to be missing at random. P-values <0.05 were considered statistically significant. Kaplan-Meier curves for each group were compared using the log-rank test.
RESULTS
Perioperative outcomes
No in-hospital or 30-day mortalities were reported in the entire cohort (Table 3 ). Ten (7%) patients required re-exploration for bleeding. One (1%) patient required permanent pacemaker implantation in the remodelling with annuloplasty group. In addition, 1 (1%) patient in the remodelling with annuloplasty group had a perioperative myocardial injury, which was attributed to inadequate myocardial protection and stunning. Control coronary angiogram was normal, but there was inferior wall hypokinesia with decreased ejection fraction (35%), which recovered on follow-up echocardiograms (50%).
Survival
A total of 5 patients died at follow-up: 1 due to a traumatic injury and 4 of unknown causes. Three of the 5 deaths occurred in the remodelling with annuloplasty group (occurring at 7.2 years, 11.2 years and 13.1 years postoperatively) and 2 deaths in the reimplantation group (at 6.4 and 8.6 years postoperatively). One of the 5 patients was initially operated for an acute aortic dissection and died 8.6 years after reimplantation. There were no differences in actuarial survival between the 2 techniques (100% at 1 and 5 years in the remodelling with annuloplasty group versus 100% at 1 and 5 years in the reimplantation group; P = 0.98).
Reoperations
Overall, 4 (2.8%) patients required reoperation on the AV: 3 after remodelling with annuloplasty (3 of 82; 3.6%) and 1 after reimplantation (1 of 59; 1.6%). Of those, there was 1 early reoperation (9 days postoperatively) and 3 late reoperations. The indication for early reintervention was severe recurrent AI in a 53-year-old patient following root remodelling with extra-aortic annuloplasty and extensive cusp repair due to a root aneurysm, BAV and severe AI preoperatively. Despite a perfect intraoperative result with adequate effective height, predischarge transthoracic echocardiography showed recurrent severe and eccentric AI. On reoperation, there was full dehiscence of the cusp repair suture lines. A bioprosthesis was implanted within the remodelled root. The indication for late AV reoperation was recurrent AI in 2 patients (1 remodelling with annuloplasty 11.5 years after surgery with recurrent AI due to progressive retraction of the right coronary cusp and 1 reimplantation 2 years after surgery because of progressive central AI). Finally, 1 patient underwent reoperation due to infective endocarditis 3.6 years after remodelling with annuloplasty. None of the reoperations were related to dilatation of the aortoventricular junction in the remodelling with annuloplasty group. All 3 patients underwent prosthetic aortic valve replacement. No mortalities were reported at reoperation. Values are presented as n (%).
CONVENTIONAL AORTIC SURGERY
As shown in Fig. 2 , there were no differences in the actuarial freedom from AV reoperation between the 2 techniques (97 ± 2% and 97 ± 2% at 1 and 5 years, respectively, in the remodelling with annuloplasty group vs 100% and 97 ± 2%, respectively, in the reimplantation group; P = 0.51).
Aortic valve function
Four patients developed Grade 3 or 4 AI on follow-up: 3 in the remodelling with annuloplasty group and 1 in the reimplantation group. At 5 years, the actuarial freedom from Grade 3-4 AI was similar in both groups (98 ± 1% in the remodelling with annuloplasty group vs 97 ± 2% in the reimplantation group; P = 0.4). In addition, 15 patients developed Grade 2 AI at followup (8 in the remodelling with annuloplasty group and 7 in the reimplantation group). As shown in Fig. 3 , the actuarial survival free from reoperation or AI Grade 2 or greater showed no significant difference between the 2 groups with 92 ± 4% and 84 ± 6% at 1 and 5 years, respectively, after remodelling with annuloplasty vs 98 ± 2% and 82 ± 6%, respectively, following reimplantation (P = 0.95).
Aortic annulus diameter
Using echocardiographic measurements, aortic annular diameter decreased significantly at discharge compared with preoperative measurements. Using mixed-effects models, there was no demonstrable change in the aortic annular diameter in the remodelling with annuloplasty and reimplantation groups over time (P = 0.08; Fig. 4) . The mean annular diameter in the remodelling group at 5 years was 24.3 ± 0.5 mm vs 23.6 ± 0.3 mm at discharge (P = 0.28). In addition, no patients had >10% change in annular diameters between discharge and the latest follow-up in the remodelling group. Similarly, in the reimplantation group, the mean annular diameter at 5 years was 24.4 ± 0.6 mm vs 23.2 ± 0.3 mm at discharge (P = 0.1).
Other late adverse events
In addition to the 4 reoperations and 1 case of endocarditis previously described during follow-up, there were 7 thromboembolic events: 6 strokes (4 in the remodelling group and 2 in the reimplantation group) and 1 peripheral embolism. A total of 3 patients required permanent pacemaker implantation (1 early and 2 late). The actuarial freedom from major adverse valve-related events showed no significant differences between the 2 groups with 94 ± 3% in the remodelling with annuloplasty group and 89 ± 3% in the reimplantation group at 5 years (log rank = 0.4; Fig. 5 ).
DISCUSSION
This study is the first to directly compare the reimplantation technique to the remodelling with extra-aortic ring annuloplasty technique. The main findings from this study are that at midterm follow-up, there are no differences between both procedures in terms of survival, recurrence of AI or reoperation. Furthermore, based on echocardiographic measures of aortic annular dimensions, addition of an extra-aortic annuloplasty stabilizes the aortoventricular junction in a comparable fashion to the reimplantation technique. As mentioned previously, there is a paucity of data in the literature providing direct contemporary comparisons of the remodelling and reimplantation techniques. The reimplantation technique has been the approach of choice in most centres because it offers more secure haemostasis, stabilizes the aortoventricular junction and is more applicable in acute dissections in the presence of friable tissues. Nevertheless, there is a constant hazard of new or recurrent AI and need for reoperation, including in centres of expertise. One of the potential physiological explanations for the occurrence of AI at follow-up may be the absence of sinuses of Valsalva, which leads to more abrupt opening and closing dynamics of AV cusps, as demonstrated in several studies [11] [12] [13] [14] . In fact, De Paulis et al. [15, 16] show significantly better results with the Valsalva graft, and the Stanford group have introduced the 'David V' modification in an effort to achieve a more physiological result and improve long-term results [6, 17] .
In our study, both techniques were performed contemporaneously according to the surgeon's preference. This resulted in some differences in patient characteristics between the 2 groups, due to a more liberal use of the remodelling with annuloplasty technique in recent years. Indeed, there was a 3-fold higher rate of patients with BAVs and significantly larger mean preoperative aortic annular diameters in the remodelling group, suggesting a higher prevalence of severe annuloaortic ectasia. In addition, although this did not reach statistical significance, there were considerably more patients with severe AI in the remodelling group (36% vs 23%). VSRR surgery in patients with severe preoperative AI, especially eccentric jets, represents a more challenging operation and more often requires concomitant cusp repair techniques. As observed in our patients, there was a significantly higher rate of cusp repair in the remodelling with annuloplasty group (49% vs 25% in the reimplantation group). In addition, in a recent study by Esaki et al. [18] exploring predictors of failure following VSRR in 282 patients undergoing a reimplantation technique, the presence of BAV was a significant predictor of AV dysfunction at follow-up. Despite these less favourable preoperative anatomical characteristics in the remodelling with annuloplasty group, no differences were observed in the rates of recurrent AI or the need for reoperation between cohorts, suggesting that this approach is at least as effective as the reimplantation technique at mid-term follow-up.
Schäfers et al. [19, 20] have been instrumental in emphasizing the importance of correcting cusp prolapse at the time of VSRR and, crucially, developing a tool to allow a more objective and systematic way of assessing cusp prolapse intraoperatively. Schäfers et al. [20] and Lansac et al. [4] have recently demonstrated significant improvements in VSRR durability following the introduction of the systematic use of the caliper. In our series, from 2001 to 2012, eye-balling was the only approach used for correcting cusp prolapse at the time of surgery. Since 2012, the caliper has been used systematically for all cases, which has translated into increasing rates of aortic cusp repair in the latter years, especially in the remodelling group. However, because of the smaller number of patients operated before the introduction of the caliper, it is difficult to determine an influence of the surgical era or the use of the caliper on repair durability.
We have previously shown that performing an extra-aortic ring annuloplasty was safe and effective in reducing and stabilizing the aortic annular diameter up to 2 years after surgery [7] . The findings from this study confirm these results with a longer follow-up period and, importantly, demonstrate that addition of a ring annuloplasty to the remodelling technique leads to comparable results with the reimplantation technique up to 7 years after surgery in terms of annular dimensions. This is all the more significant that patients in the remodelling group had significantly larger annular dimensions at the time of surgery, denoting more severe annuloaortic ectasia. These results represent the first direct evidence that addition of an extra-aortic annuloplasty has a comparable effect on the aortoventricular junction as the proximal suture line used in the reimplantation technique.
One of the main proposed benefits of the remodelling procedure over reimplantation is better preservation of aortic root dynamics, coronary flow reserve and dynamic movements of AV cusps. Proponents of this approach propose that this should lead to more durable AV function in patients undergoing VSRR surgery. Nevertheless, to date, besides computational modelling studies [12] , there have been no clinical studies clearly demonstrating the superiority of the remodelling procedure in terms of AV function. Similarly, in this study, there were no observed differences in the AV function up to 7 years after surgery between groups. This may be due to the fact that either these proposed benefits are only theoretical or the length of follow-up is currently too short to address this question.
Limitations
This study has some limitations. The retrospective nature of the analysis introduces biases inherent to this type of study design. In addition, although the first patient was operated in 2001, the majority of cases were performed in later years, which limits the mean duration of follow-up to 4 years. Although this makes it difficult to make any inferences on long-term outcomes, it remains an important mid-term comparative study of these 2 surgical approaches. Furthermore, both groups include a number of patients with connective tissue disorders, BAVs and aortic dissection. Although this precludes disease-specific comparisons, it reflects 'real-world' practice of VSRR procedures.
CONCLUSION
Despite a higher prevalence of BAVs and larger aortic annular diameters, mid-term follow-up after the remodelling with extra-aortic ring annuloplasty and the reimplantation techniques is comparable in terms of recurrence of aortic regurgitation, reoperation and survival. Extra-aortic ring annuloplasty is effective at stabilizing annular dimensions. Longer term follow-up is required to determine the specific role of each approach in the management of this patient population.
